In this paper, we investigate power flow in compliant mechanisms that are employed in dynamic applications. More specifically, we identify various elements of the energy storage and transfer between the input, external load, and the strain energy stored within the compliant transmission. The goal is to design complaint mechanisms for dynamic applications by exploiting the inherent energy storage capability of compliant mechanisms in the most effective manner. We present a detailed case study on a flapping mechanism in which we compare the peak input power requirement in a rigid-body mechanism with attached springs versus a distributed compliant mechanism. Through this case study, we present two different approaches, (1) generativeload exploitation and (2) reactance cancellation, to describe the role of stored elastic energy in reducing the required input power. In contrast to a conventional mechanism with a spring, stress and strain in a compliant mechanism are more uniformly distributed. The entire mechanism stores energy rather than just a spring, providing more energy storage per unit mass. We propose a compliant flapping mechanism and its evaluation using nonlinear transient analysis. The input power requirement of the proposed compliant flapping mechanism is found to be 48% and 10% less than those of the four-bar flapping mechanism without and with a spring, respectively. The results show that a compliant mechanism can be a better alternative to a rigid-body mechanism with attached springs.
INTRODUCTION
When a compliant mechanism is deformed to transmit force and motion, some of the input energy is stored in the mechanism in the form of strain energy while the rest is transferred to the output load. This stored energy is commonly perceived as energy loss, preventing full energy transfer from the input port to the output port. One of the approaches to design efficient compliant mechanisms for a quasi-static condition, therefore, attempts to minimize this stored strain energy. The scenario is completely different if a compliant mechanism is operated under a dynamic condition, in which strain energy is stored and released during a cycle of operation. Most of the stored strain energy, if not all, can be recycled. An approach used to design a compliant mechanism for a dynamic condition should, therefore, be different from the one used for a quasi-static condition. Khatait et al. [1] suggest the use of compliant mechanisms to reduce input torque requirement in a flapping mechanism. The study is, however, limited to the case of unloaded lumped compliant mechanisms. In addition, Madangopal et al. [2] optimize a four-bar flapping mechanism with attached springs in an attempt to minimize the input torque requirement of a flapping-wing micro air vehicle. However, how the springs enable input torque reduction has not been clearly explained. These two examples have demonstrated the benefits of elasticity in reducing input torque requirement and lead us to believe that a fully compliant mechanism holds a potential to be an alternative for dynamic systems.
Since most of the early research and development in analysis and synthesis tools for compliant mechanisms were based on a quasi-static assumption, the performance of the designed compliant mechanisms may be efficient when they are operated under a quasi-static condition but not a dynamic one. Analysis and synthesis tools based on a dynamic condition are, therefore, necessary to extend the applications of compliant mechanisms. While the purpose of this ongoing research is to develop a systematic method of designing compliant mechanisms based on dynamic performance, this paper presents the results, as a preliminary step, of an attempt to understand the benefits of elasticity in dynamic systems. This understanding will be fundamental for the development of an efficient and robust design tool during the course of the research.
By exploiting energy storage capability and other benefits, including scalability and reduction in wear and manufacturing cost, we envision that compliant mechanisms will provide an efficient way to transmit force and motion from the actuator to the wing in flapping-wing micro air vehicles developed by other researchers. A compliant flapping mechanism, therefore, will be used as a case study during the development of the design method.
RELATED WORK
The use of compliant mechanisms to transmit force and motion has been studied for several decades. This type of mechanism evolved from work in robotics, where manipulator arms must perform various tasks on workpieces whose locations and dimensions are not precisely known [3] . In this application, the use of compliance is one of the approaches to accommodate such uncertainties. Work in the development of compliant mechanisms for robotics applications can be found at least as early as in the 1980's [3] [4] [5] [6] . In 1983, Holl et al. [7] proposed a compliant mechanism for joints in prosthetic devices. Holl noted the self-stabilizing characteristics and other benefits of compliance including reduction in wear, material weight, and manufacturing cost. Another work in compliant joints was reported by Trease et al. [8] in 2005, where several designs of highly effective and kinematically well-behaved compliant joints were proposed. Since compliant mechanisms were studied extensively, various applications of compliant mechanisms have been investigated, including bistable compliant mechanisms [9] , compliant micromechanisms and structures [10, 11] , micromanipulators and microrobots [12] , actuator leverage [13, 14] , structural shape morphing in smart structures [15] , surgical tools [16] , active flow control [17] , and vibration isolation [18] .
Various methods of analysis and synthesis of compliant mechanisms can be found in the literature including pseudorigid-body-models (PRBM) and continuum mechanics methods for topology, geometry, and size optimization. Much of the reported work on analysis and design assumes a quasistatic condition. It is not until recently that researchers began to incorporate dynamic behaviors of compliant mechanisms, such as Du et al. [19] , Nishiwaki et al. [20] , and Maddisetty et al. [21] . Li et al. [22] proposed a systematic method for dynamic analysis of compliant mechanisms. Dimensional synthesis based on desired mode shapes is presented in [23] by Lai et al. Boyle et al. [24] , Handley et al. [25] , and Yu et al. [26] presented the development in dynamic modeling of compliant mechanisms based on PRBM. Khatait et al. [1] used dynamic PRBM to investigate the reduction of torque requirement in a flapping mechanism. None of the previous work, however, directly addressed the issue of input power requirement. Since it is power requirement that governs various component designs and affects the overall system's performance, we use power requirement as one of the criteria in the design method. Even though a design approach based on torque requirement is equivalent to a design approach based on power requirement when the operating frequency is constant, it is not the case when the frequency changes during the operation or when the frequency is one of design variables during a system design. A design approach based on power requirement will still be applicable to these situations.
POWER ANALYSIS OF A FOUR-BAR FLAPPING MECHANISM
To understand the behavior of input power reduction, we first perform power analysis on a four-bar flapping mechanism optimized by Madangopal et al. [2] . In their work, the aerodynamic model is based on quasi-steady blade element analysis. The model includes unsteady wake effects, camber and partial leading edge suction effects, and post-stall behavior. The grounds for the mechanism are assumed inertially fixed. For a given set of parameters, the optimal values of spring stiffness, free length, and location of attachment were obtained. We model this mechanism in ADAMS, which is dynamic mechanical system simulation software. The aerodynamic load is simplified using a point force acting perpendicular to the wing at the center of mass. The model for this study is shown in Figure 1 .
The input displacement is:
and the simplified aerodynamic force is: The values of the links' dimensions and operating frequency are shown in Table 1 . Note that the links' cross sections are adjusted so that their masses match those in Madangopal's model. The operating frequency is adjusted to match the peak values of inertial torque. Finally, a damping constant and a constant component of the output force are adjusted to match the peak values of the lift. Since the weights of the links are small compared to the aerodynamic force on the wing, the gravity effect is ignored in this study to simplify the analysis. Once the basic understanding is gained, more accurate results can be obtained by including the gravity. The values of the spring's stiffness and free length are optimized using a Generalized Reduced Gradient (GRG) algorithm provided by ADAMS, with the objective to minimize input power requirement. The optimal values of the spring's properties, along with some other parameters, are shown in Table 2 . Plots of inertial torque and lift obtained from this simplified model are shown in Figure 2 and Figure 3 , respectively. Plots of input powers for the mechanism with and without a spring are shown in Figure 4 . Various power components for the mechanism with a spring are shown in Figure 5 .
From Figure 4 , the input power can be either positive or negative during a flapping cycle. A positive input power indicates that the motor is supplying energy into the system, while a negative input power indicates that the motor is absorbing energy from the system. Since the focus of this study is to capture the instantaneous input power experienced by the motor, which affects the design of motors and electrical components, we ignore the energy loss in the motor and mechanism. In other words, we assume that all energy absorbed by the motor can be fully recovered. In addition, we assume that instantaneous power experienced by the motor is equivalent in both directions (supplying and absorbing energy). The quantity being investigated as an objective function to be minimized in this study is, therefore, an absolute value of the peak input power. Figure 4 shows that adding a spring reduces peak input power by 42% from 1.00 Nm/s to 0.58 Nm/s. Figure 5 indicates that energy flow in and out of link's mass (Kinetic Energy Rate -KER), spring (Potential Energy Rate -PER), and aerodynamic force (P out ) all significantly contribute to the required input power (P in ). The results themselves, however, do not provide deeper insight into the role of a spring and various components of energy exchanged within the system components. We, therefore, investigate the effect of a spring when the system is subject to three different cases:
(I) with constant output force only, (II) with inertial force only, and (III) with output damping force only.
In each case, the values of spring stiffness and free length are optimized for minimum peak input power. The resulting power variations in the mechanism without a spring and with a spring are then compared. Based on these results, we attempt to visualize the path of the energy flow within the system. The insights gained from this study may help develop an effective optimization scheme in the later stage of this research.
Case I:
The mechanism subject to constant output force only The values of parameters are shown in Table 3 . From Figure 6 , adding a spring reduces the peak input power by 84% from 0.45 Nm/s to 0.07 Nm/s. To understand this power reduction, we trace power components of the system over a flapping cycle for each case. For the mechanism without a spring (Figure 7) , the constant output force, as being upward, produces positive work into the mechanism during the upstroke. To maintain the steady-state motion, the motor supplies negative work into the mechanism. In other words, it has to absorb energy flowing from the output. During the downstroke, the output force is still upward but the motion of the wing is downward. The output force is producing negative work into the system, or extracting the energy from the system. When a spring is added into the system (Figure 8 ), the output force still produces positive work into the mechanism during the upstroke. However, instead of having the motor absorb this work from the output, the spring stores this positive work as elastic energy. The motor, then, needs less effort in balancing the steady-state motion. During the downstroke, the output force extracts energy out of the system. During this period, the spring releases the stored elastic energy 84% to the output. The motor is, again, taking benefit from this situation, which requires less energy from the motor. In this situation, adding a spring to the system reduces the input power requirement.
Case II:
The mechanism subject to inertial force only The values of parameters are shown in Table 4 . From Figure 9 , adding a spring into the system reduces the required input power by 83% from 0.18 Nm/s to 0.03 Nm/s. For the mechanism without a spring, the motor has to supply and absorb the energy required by and released from the system's inertia. The required peak input power is, therefore, the same as that stored or released by the system's inertia. Adding a spring into this type of system will help reduce the input power demand. The spring will absorb the energy when the links decelerate and release kinetic energy, thus reducing the effort needed by the motor to absorb the energy. On the other hand, when the links need to accelerate, the spring releases the stored elastic energy, reducing the power demand from the motor.
83%
Case III: The mechanism subject to damping output force only The values of parameters are shown in Table 5 . For Case III (Damping output force only) with a spring, besides supplying energy to the output force, the motor also has to supply energy to be stored in the spring.
From Figure 12 , adding a spring into the system increases the required input power by 78% from 0.55 Nm/s to 0.98 Nm/s. For the mechanism without a spring (Figure 13 ), the damping output force extracts energy from the system both during upstroke and downstroke. The motor always has to supply this amount of energy to maintain the steady-state motion. The peak input power is, therefore, equal to the peak output power. When a spring is added into the system ( Figure  14) , the motor has to supply energy both to the output and to the spring during the upstroke and, therefore, requires more power than it does without a spring. During the downstroke, the spring releases energy to the output, reducing input power requirement from the motor. The entire flapping cycle, therefore, requires more input power if a spring is added to this type of system. In fact, this should always be true for the following situation. If the only source that provides positive work into a massless system is the input, then the energy required to deform the spring will have to be from this source and, therefore, the source needs to provide this extra power to the system in addition to the power required from the dissipative output. Figure 15 and Figure 16 show that for the case of damping output force only, the peak input power is minimal when there is no spring added to the system. The results of all case studies are summarized in Table 6 . If we consider each component of the load acting on the system, this study reveals that the existence of either a constant output force (Case I) or an inertial property of the system (Case II) allows the use of elasticity to reduce peak input power. These two types of load provide instantaneous positive work, which can be stored during one stage of a cycle and reused in another. In contrary, the existence of a damping force reduces the effectiveness of elasticity to reduce peak input power. From Table 6 , the optimal values of spring's properties for the case of a combined constant-inertialdamping force (stiffness of 38 N/m and free length of 50 mm) are between those of a pure constant output force (Case I) and a pure inertial force (Case II). It can be further noticed that these optimal values are closer to those for the case of a pure constant output force. This corresponds to the fact that the contribution of the input power due to a pure constant output force (0.45 Nm/s) is more significant than that due to a pure inertial force (0.18 Nm/s). The presence of a damping component in the case of combined force brings the percentage of input power reduction down to 42%. This study provides a visualization of how each load component affects the optimal values of the spring's properties.
TWO APPROACHES TO EXPLOIT ELASTIC ENERGY
The study from the previous section illustrates the function of an elastic component in a dynamic system as an energy storage component. In Figure 17 (a), a given mechanical system with its inertia is driven by an input actuator and performing a task at the output port. The energy flow between these components affects the required input power. Adding an elastic component to this system as shown in Figure 17 (b) will split the path of energy flow in the original system. If the elastic component is added properly, it will draw some energy from the output or the inertia to itself when otherwise the input has to absorb all this energy, and will release this energy to the output or inertia when otherwise the input has to supply this additional energy. If it is designed to split energy flow via path B, the design approach is referred by generative-load exploitation. This approach is useful when the output load provides positive work into the system during a certain portion of the motion cycle. The aerodynamic load Reactance cancellation
Generative-load exploitation Figure 17 : Concept of using elasticity to reduce input power requirement in dynamic systems used in this study is an example of generative load, which can be beneficial for input power reduction. If the elastic component is designed to split the energy flow via path C, the design approach is referred by reactance cancellation. Even though KER and PER are not exactly cancelled, we use this term in referring to this design approach because it involves power reduction between the elastic component and inertia, which are reactive components found in a general springmass-damper system. The two approaches of generative-load exploitation and reactance cancellation may be implemented on the design of elastic components at the same time. In fact, they should be implemented simultaneously when both generative load and system's inertia are significant. A design approach based on resonance frequency, which corresponds to the reactance cancellation approach as referred in this paper, can result in a suboptimal design when a generative load is present. In this study, energy flow across the system's inertia is small compared to energy flow across the output load ( Figure 5 ). The optimal design of a spring leans toward the design obtained by the generative-load exploitation approach. However, for the operation at higher frequency, energy flow across the system's inertia may become larger than energy flow across the output load. In this case, the optimal design of a spring will lean toward the design obtained by the reactance cancellation approach.
Even though the use of distinction in the two approaches described in this paper may seem unnecessary if a general optimization method is applied, this distinction is helpful for energy flow visualization. It will also help setup a design framework and may be useful for guiding the design optimization process, leading to a more efficient and robust design tool. This is necessary especially for the design of compliant mechanisms where nonlinear responses are computationally expensive.
POWER ANALYSIS OF COMPLIANT FLAPPING MECHANISM
A compliant mechanism is a multi-functional structure that combines the function of a mechanism and an energy storage component together, providing a lightweight and compact system. Its elasticity can be used to reduce input power requirement similar to the use of a spring in a rigidbody mechanism. In addition, its monolithic structure results in scalability, less wear, and low manufacturing cost. If a fully compliant mechanism is used, further benefit can be gained. Since stress and strain are more distributed than those in lumped compliant mechanisms, there is less stress concentration but higher energy storage capacity in fully compliant mechanisms. Due to all these benefits, a compliant mechanism is expected to be an excellent alternative to a rigid-body mechanism, especially for a flapping-wing micro air vehicle.
Evaluating the design of a given compliant mechanism is, however, not as straight forward as evaluating the design of a rigid-body mechanism. This is because the kinematics of a compliant mechanism depends on the nature of input. In this study, the input displacement imposed on the mechanism is in the form:
where A: Amplitude of input displacement C: Average of input displacement f: Operating frequency An average component, C, is required in the model because it affects input power requirement. This value is later found to be important, particularly for the case that the output load has a nonzero average value, as in the case of aerodynamic load on a flapping wing. Unlike a rigid-body mechanism, for a given input frequency, the kinematics of a compliant mechanism is a function of input amplitude, A, and input average, C. The first question in evaluating the design of a given compliant mechanism is what values of A and C should be used. To answer this question, we have to find a Set P containing pairs of A and C that satisfy the kinematics requirement. If the objective of the design is to minimize the input power requirement, we reselect a pair of A and C from Set P that achieves the design objective. In contrast to a rigid-body mechanism, whose kinematics is independent of input, evaluating each design of a compliant mechanism is a design optimization process itself.
In this study, we investigate the effects of A and C on flapping angle and input power requirement of the proposed compliant flapping mechanism. Then, we determine optimal values of A and C. Note that the optimization of A and C presented in this paper only represents how each design of a compliant mechanism should be evaluated. Once we understand how each design of the mechanism should be evaluated, we can proceed to study a full design process of the mechanism.
The proposed mechanism, as shown in Figure 18 , is an application of a patented compliant stroke amplifier [27] [28] [29] in which the wing is directly connected to the output link. It is modeled using beam elements in ANSYS, which is commercial finite element analysis software. Its overall dimensions are approximately the same as those of the fourbar flapping mechanism studied in the previous section. Instead of having a uniform beam width, the wing section of the mechanism has been modified to redistribute mass and stiffness. The total mass of the wing section is 2.50 g, the same as that in the four-bar flapping mechanism, but a significant amount of mass is distributed to the end of the wing section. This will increase the amount of recycling energy between output, elasticity, and inertia (path A-E-D in Figure 17 ) so that the kinematics requirement can be met with less input power requirement. We assume that the entire mechanism is made of carbon fiber composites whose properties are listed in Table 7 . The values for keypoint locations and beam cross sections can be found in Table 8 and Table 9 , respectively. Nonlinear transient analysis, which takes into account nonlinear effects due to large deformation and rotation, is used to calculate flapping angle and input power requirement. The gravity is ignored in the analysis.
The required flapping angle is 44.8 degrees, the same as in the four-bar flapping mechanism. This amount of flapping angle is assumed to provide sufficient lift at the specified frequency to sustain the vehicle in the air and is a primary functional requirement of the mechanism. The output force is a simplified aerodynamic force previously used in the analysis of the four-bar flapping mechanism. The values of c o and f o are 0.207 Ns/m and 0.27 N, respectively.
The mechanism is subject to a sinusoidal input displacement with a nonzero average value as described in Equation (3) . However, to facilitate the convergence in finding solutions of the analysis, we impose the input displacement with gradually increasing amplitude, which can be written in the form:
For this study, τ H = 1/4, τ S = 1/4, and f = 4 Hz. An example of input displacement is shown in Figure 19 . The wing rotation is measured at the location where the output force is applied on the wing as shown in Figure 20 .
To evaluate this design of a compliant flapping mechanism, we have to determine a pair of A and C that results in the minimum input power and yet satisfies the flapping angle requirement of 44.8°. In order to do so, we construct response surfaces by performing analyses on 36 points (6x6 equally spaced values of A and C). Then we interpolate these 36 data points and find the required values of A and C. Each analysis is run up to 6 flapping cycles, which is expected to already dy-state. The flapping nd C that meet the flap rface resu reach the stea angle and input power are then calculated based on the last two flapping cycles. The response surfaces of the 36 data points are shown in Figure 21 and Figure 22 for flapping angle and input power requirement, respectively.
Then we determine a feasible set of A a ping angle requirement by interpolating the 36 data points to obtain higher resolutions of A and C. Based on these interpolated data points, we obtain a feasible set of A and C, which is represented by a line PQ as shown in Figure 23 . To determine the minimum value of input power requirement, we project the set of feasible input displacement onto the surface of input power requirement. This is shown in Figure 24 .
The projection of line PQ onto the input power su lts in a line MN, which contains the values of input power for the feasible set of A and C. The projections of this line onto the C-plane and A-plane are shown in Figure 25 and Figure 26 , respectively. From Figure 25 and Figure 26 , there is only one pair of A and C that gives the minimum value of input power, which is 0.625 mm for A and 0.775 mm for C. The corresponding value of input power requirement is found to be 0.52 Nm/s.
We then use these estimated values of A and C to verify the responses in ANSYS. The flapping angle and various power components are plotted in Figure 27 and Figure 28 , respectively. The deformed mechanism at two extreme flapping positions is shown in Figure 29 and Figure 30 .
The flapping angle and input power requirement from ANSYS correspond to the predicted values calculated from the interpolated data. This design example of a compliant flapping mechanism consumes only 0.52 Nm/s of input power, compared to 1.0 Nm/s for the four-bar flapping mechanism without a spring and 0.58 Nm/s for the four-bar flapping mechanism with a spring (48% and 10% input power reduction, respectively) in performing the same task. Note that the two peaks of input power are evened out. This is the same kind of behavior found in the four-bar flapping mechanism when a proper spring is added.
From Figure 28 , at time t A , strain energy rate (SER) and kinetic energy rate (KER) are almost cancelled out. Most of the energy required from the input is transferred to the output. At time t B , which is when the (negative) peak output power occurs, (negative) SER is large. The spring is releasing the stored elastic energy quickly to the output and, thus, reduces the required power from the input. At time t C , which is when the output power is low, both spring and inertia are storing energy, which is mostly provided by the input. This scenario clearly demonstrates the concept of generative-load exploitation as described previously using Figure 17 . Most output energy comes from elasticity and input (path B and D) during the first half of the cycle while the strain energy being stored in the elasticity mostly comes from the input (path B) during the second half.
If we could modify each component of the power separately, input power would be further reduced if we reduced the system's inertia. However, this is not the case for a compliant mechanism where kinematics depends on stiffness, which is coupled with inertia. Modifying inertia, and therefore KER, will affect kinematics, which affects SER and input power requirement. It cannot be emphasized more that, unlike a rigid-body mechanism, the amounts of energy flow between elasticity, inertia, and output, in a compliant mechanism are highly coupled and dependent on each other. This may lead to a number of local optimal solutions. Developing an efficient optimization scheme, in which the search direction is guided properly, could be very challenging.
CONCLUSIONS
In this work, we have investigated the concept of input power reduction through the use of elasticity. From the power analysis of a four-bar flapping mechanism, we make a distinction between two different approaches that can be used to design an elastic component: (1) generative-load exploitation and (2) reactance cancellation. Only one or both of them may be applied at the same time, depending on the nature of the load. We then propose a compliant mechanism as an alternative to a rigid-body mechanism with attached springs. By analyzing the proposed compliant flapping mechanism, we found that the compliant flapping mechanism can reduce input power requirement by an additional 10% over the four-bar flapping mechanism with a spring. The study has raised the issues of computational requirements and the need for a specific optimization scheme to search for optimal designs of fully compliant mechanisms. In an attempt to develop an efficient and robust design tool, the future work will include the study of various techniques to reduce computational requirements. The use of understanding in energy flow to help develop the optimization scheme will be investigated.
